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Phase Contrast Imaging vs. Conventional Radiology
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Refractive index: n=1- 0 +1; 0>>p >
phase contrast (AI/I~ 4ndAz/\) >> absorption contrast (Al/I, ~ 4xPfAz/\)

Two possible approaches: - detect interference patterns
- detect angular deviations
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In the beginning:
The BONSE/HART interferometer (seminal 1965 APL paper)
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But then Momose ef al, Med Phys 22 (1995) 375-9, Nature Medicine 2 (1996) 473-5

-> beginnings of XPCI
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phase contrast
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Impressive results are achieved in breast imaging

absorption phase contrast

IBM:
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Arfelli et al. Phys. Med. Biol. 43 (1998) 2845-52
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Which led to the realization of a dedicated mammography station in TS

Research Complex
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SO WHAT IS THE PROBLEM?

FSP suffer immensely when transferred to conventional sources:
the spread function discussed previously becomes too large and kills the signal.
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The system has little flexibility - only d,4, can be changed
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Other methods to perform phase contrast imaging:
“Analyzer Based Imaging”

monochromator
crystal o

distorted
wavefront
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a small misalignment makes it more sensitive:

parallel incoming beam — ——
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\\ pineering
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(NB distorted wavefront-> local variation of photon direction) N

Davis et al, Nature 373 (1995) 595-8; Ingal & Beliaevskaya, J. Phys. D 28 (1995) 2314-7, 'E; UCL ENGINEERING

Chapman et al, Phys. Med. Biol. 42 (1997) 2015-25 - but even before that Forster 1980! VR Change the world
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A different way to obtain a similar effect:
The Edge lllumination Technique

L
. LS

..‘. -‘:'

Incoming beam .

L
..

detector "*e,
sample “1e

scanning
direction

detector active surface

A
A
¥ W ' .
1.08 - o exp60%
—S)'Il:l 60% i
1.04 | ]
\
1.00 \
\ p—o—o
0,96 \ e
\ 2 —o
0.92 T T T = b ~ —o—o
0 200 400 600 N ~ - -’ 7 lute of Biomedical Engineering

~ % G -
Research.Co §

. e (
Provides results similar to ABI but opens the way to the use of divergent and polychromatig heams
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Sensitivity vs. exposed pixel fraction:

beam -> 80%

e exp 80%

Increased sensitivity with
reduced beam thickness

=l ° = = ~ N.B. THE VERTICAL
heam- 200 SCALE IS NOT THE
© She% SAME FOR THE
| WJ&fm THREE PLOTS
0 200 400 600
5% In fact the signal is equal to:
% f ~ 8% (illumination 80%)
0.70 | ~ 12% (illumination 60%)
Y i 490 500 ~ 40% (illumination 15%)

Important consequence on coded-aperture method: you can’t calculate sensitivity as pitch/sample-
to-detector distance as it is not a single number: it depends on the mask position (more later)

Olivo et al. Med. Phys. 28 (2001)1610-19
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THE METHOD CAN THEN BE ADAPTED TO A DIVERGENT
AND POLYCHROMATIC (=conventional) SOURCE
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interlude: o
The TALBOT/LAU interferometer

sample

(b) detector
The shearing interferometer

The classic, ‘Bonse-Hart interferometer
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(2003) L866-8; Lab source Pfeiffer et al, Nature Physics 2 (2006) 258-61 ® Change the world
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My concerns with the Talbot/Lau approach: &

- exposure times are increased:
in particular by the limited angular acceptance of the gratings - let’s not forget that the beam is divergent!
(let's leave aside the phase stepping “problem” for the moment)

- the technique does not work with fully polychromatic beams:
a maximum bandwidth ~5-10% can be tolerated -> the spectrum produced cannot be fully exploited

- the sensitivity to environmental vibrations is reduced with

respect to crystal-based methods but not eliminated:
the detector grating has a 2 um pitch -> required tolerance pitch/10 (Weitkamp et al, 2005),
plus phase stepping -> tens of nm (!) (Zambelli et al, 2010)

- dose is delivered inefficiently:
detector grating ->50% fill-factor, + absorption in Si (40% through 1x300 um wafer, 60% through 2 wafers)

- the field of view is currently limited to ~6x6 cm? lB
by the micro-fabrication process involved, which prevents the realization of larger gratings W &

-the technique is sensitive to phase effects in one direction only:

arch Complex

without featuring the flexibility of ABI at Harwell
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BACK TO EDGE ILLUMINATION
shaped
beams
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aperture UCL Institute of Biomedical Engineering
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Little loss of signal intensity for source sizes up to 100 ym
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Which can be achieved with state-of-the-art mammo sources

Why?

1) Because we are only relying on refraction, which survives under rela!egEB

coherence conditions;
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2) Because we are use aperture pitches matching the pixel size, i.e. BIG: th

esearch Complex

projected source size remains < pitch, and therefore blurring does "not” ocGlt
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Proof-of-concept results

1.2

e experimental
theor retical

relative intensity

0 200 400 600 800
b displacement (pxm)

NB absorption contrast of the fibre ~1% -> 24-fold increase obtained, comparable
with SR results. A 100 ym focal spot, divergent and polychromatic source was used.

without coded apertures  with coded apertures

Complex g

Coded-aperture XPCi can thus be done in a laboratorsesrch Comple
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2D-sensitivity:

from:;

Olivo et al Appl. Phys. Lett. 94 (2009) 044108
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Better X-ray
Alessaniro Ohvo and his
A new techmgue allows Lunter colleagues al Unaversity College
features 1o be imaged by Xorays. London used a conventzonal
Comventional X-ray umaging Xeray source outlited with
rehies on the absorplzon and grated masks — one in fronl
scallering ol Xeray photons by of the object lor imaging and
the obgect being imaged Bul one behind 1t The masks
Xeray phase-contrust imaging were ol lsetshghtly lroam one
mstead detects changes in the another so that they liltered out
photons’ derectzon and veloaty same of the phatons., reducing by

background nose. The detector
measures by how much
photons have deviated from
thesr path, captunng diflerent
image data lroen comventional
X-ray imaging and boosting
the visabelity of fine detiul

The team used its lechmgue
Lo irmgge bed al specumens

such as abeetle (pictured), as
well as sumples ol mterest for
medical imaging, matenals
science and secunty mspection.
Appi. Optics 30 1765-1769(2011)
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How fast does “faster’ mean?
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Preliminary results - mammo

(a): GE senographe Essential ADS 54.11; 25 kVp, 26 mAs
(b): coded-aperture XPCi, 40 kVp, 25 mA — ENTRANCE dose 7 mGy (< mammo!)

It has to be said the tissue was 2.5 cm thick -> we expect ~ same dose for thicker tissues
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Olivo et al Med. Phys. 40 (2013) 090701 M Change the world



UCL ENGINEERING

Preliminary results - mammo

1.5 m(_:‘-y 0.7 mGy
(conventional) (XPCi) (XPCi) lB 1y
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Preliminary results - cartilage imaging

Rat cartilage, ~ 100 um thick, invisible to conventional x-rays
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Marenzana et al, Phys. Med. Biol. 57 (2012) 8173-84 WEW Change the world
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Preliminary results - cartilage imaging

XPCi
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Marenzana ef al, Phys. Med. Biol. 57 (2012) 8173-84 . Change the world
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Cartilage in water:

Tells us a lot about CAXPCi vs Talbot/Lau sensitivity:

(PORK cartilage)

from Stutman et al, Phys. Med.
Biol. 56 (2011) 5697-720
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More on the sensitivity of the lab system:

| —Theory (g) 0.8 - —Theory
4 ——Retrieved T 06 | ——Retrieved
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This gives a phase sensitivity of ~ 270 nRad, with only 2 images x 7s exposure each; same as

reported by Thuring (Stampanoni’s group) for Gl. Revol reported a sensitivity of about 110 nRad
but with 12 x 7s frames — as one can expect the value to scale with sqgrt(exp time), that also fits.

Refraction angle (urad)
" A W N R O RN WS UV

Position (um)

Diemoz et al, Appl. Phys. Lett., under review; E UCL ENGINEERING

Thuring et al Proc. SPIE 8668 (2013) 866813, Revol et al Rev. Sci. Instrum 81 (2010) 073709 - Chanse thewerld




UCL ENGINEERING

Quantitative phase contrast imaging
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Highly precise retrieval,
for both high and low Z
materials, up to high
gradients where other
methods break down
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UCL ENGINEERING Phase retrieval with synchrotron

A
and conventional sources: o

Ti filament: retrieved @ synchrotron and with conventional source!

0.1 0 0.1 02 —01 0 01 02

@ conventional source: incoherence modelled as beam spreading — the movement of
the “spread” beam is then tracked and referred back to the phase shift that caused it.

But with lots of care as far as “effective energy” is concerned!
(See Munro & Olivo Phys. Rev. A 87 (2013) 053838)

:ﬁ UCL ENGINEERING

P. Munro et al, PNAS 109 (2012) 13922-7 =¥ Change the world
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Quantitative phase contrast imaging

BMEL.

Institute of Biomedical Engineering
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at Harwell
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P. Munro et al, PNAS 109 (2012) 13922-7 WE® Change the world
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Quantitation -> CT is possible

(a)

(b) - e}

a) phantom
b) absorption
¢c) V@ (integrated version also available)

d) “mixed” (see Diemoz et al Opt. Exp. 19 (2011) 1691-8)

Research Complex
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Non-medical applications 1: testing of composite materials

BMEL.

UCL Institute of Biomedical Engineering

Research Complex
at Harwell
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Endrizzi ef al, proc. SPIE 8668 (2013) 866812 Y Change the world
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Non-medical applications 2: security scans m
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Phase contrast vs. x-ray energy m

&
§ ——contrast_sym
7.5 | ® contrast_exp
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liomedical Engineering
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Even higher (monochromatic) energy - ESRF, 85 keV
very simple set-up...  -> highly increased contrast!

i 43 m | 6.0m o
> ¢ >
1 I

1
absorbing | detector

1 1
20 um
sample scan edge
unshaped

beam

—I shaped
] beam
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(vertical translation and
rotation around beam axis)

Lk Y e=ssses edge illumination
free-space propagation

Normalized intensity
[\

0 0.5 1 1.5 2 2.5 3
(d) Position (mm)

Olivo et al, Opt. Lett. 37 (2012) 915-7
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Even higher (monochromatic) energy - ESRF, 85 keV

Edge illumination

Free-space propagation
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Olivo et al, Opt. Lett. 37 (2012) 915-7 W2W Change the world
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Even higher (monochromatic) energy - ESRF, 85 keV

very simple set-up...
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-> which means high sensiti

-> highly increased contrast!
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Diemoz et al, Phys. Rev. Lett. 110 (2013) 138105
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Exploitation of additional sensitivity to push the detection threshold further:

Fr A 10 micron

thick
ool polyethilene
' foil immersed
=29 in water (->
0.92 matching
refractive
) i index!)
0.84- generates an
| 50 100 150 unprecedented
16% image
Practically corresponds to a single cell in water contrast!

:’% UCL ENGINEERING

Diemoz et al, Phys. Rev. Lett. 110 (2013) 138105 W9 Change the world
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Conclusions: dh

Coded-aperture XPCi is a NON-INTERFEROMETRIC, TOTALLY INCOHERENT,
QUANTITATIVE x-ray phase contrast method working with conventional
sources which:

allows the use of fully divergent, fully polychromatic x-ray sources with focal
spots of up to at least 100 um - with no additional collimation/aperturing; the use of
large apertures in thin gold layers (-> no angular filtration), low-absorbing
graphite substrates, moderate misalignments between masks allowed achieving
a reduction in the exposure times - although demanding medical applications
require further developments. Most of all they keep the dose at acceptable levels.

requires aperture pitches of the order of ~50-100 um - therefore making
fabrication, alignment and scale-up (masks are available up to 30 cm) easier.

has been described both by wave & geometrical optics (but for source sizes like the
ones we use they give the same results) and robust phase retrieval was achieved.
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